A new type-I clathrate, Ba 8 Cu 14 Ge 6 P 26 , was synthesized by solid-state methods as a polycrystalline powder and grown as a cm-sized single crystal via the vertical Bridgman method. Single-crystal and powder X-ray diffraction show that Ba 8 Cu 14 Ge 6 P 26 crystallizes in the cubic space group Pm 3n (no. 223). Ba 8 Cu 14 Ge 6 P 26 is the first representative of anionic clathrates whose framework is composed of three atom types of very different chemical natures: a transition metal, tetrel element, and pnicogen. Uniform distribution of the Cu, Ge, and P atoms over the framework sites and the absence of any superstructural or local ordering in Ba 8 Cu 14 Ge 6 P 26 were confirmed by synchrotron X-ray diffraction, electron diffraction and high-angle annular dark field scanning transmission electron microscopy, and neutron and X-ray pair distribution function analyses. 
Introduction
Thermoelectric materials play an important role in renewable energy applications, which can convert waste heat into electrical energy and vice versa. [1] [2] [3] The efficiency of thermoelectric materials is characterized by the dimensionless gure of merit, ZT ¼ S 2 T/rk, where S is the Seebeck thermopower, T is the absolute temperature, r is the electrical resistivity, and k is the thermal conductivity. In crystalline solids, the intrinsic correlations between these three transport properties make enhancement of thermoelectric efficiency challenging due to their dependence on carrier concentration and electronic structure. [4] [5] [6] [7] [8] [9] The Phonon GlassElectron Crystal (PGEC) concept was proposed as a way to guide thermoelectric research. [10] [11] [12] [13] Clathrate compounds, also known as host-guest compounds, are considered to be PGEC compounds due to their covalent three-dimensional frameworks and rattling of guest atoms. The framework acts as a good electrical conductor, while the rattling of guest atoms encapsulated in the framework cages efficiently scatters phonons to reduce thermal conductivity.
12,14-23 Besides thermoelectric applications, clathrates are used as photovoltaic materials, Li-batteries anodes, superconductors, and gas storage materials.
16,17
Based on the framework-forming elements, all anionic clathrates can be divided into two main groups: tetrel-based (Si, Ge, Sn) and tetrel-free clathrates. The latter group, which is much smaller than the former one, can also be called pnicogenbased or transition metal-based clathrates since the frameworks of all reported tetrel-free clathrates are formed by a combination of the late transition metals of group 10-12 with pnicogen atoms: P, As, or Sb. 17 Both groups have distinct chemical and structural properties. One specic feature of tetrel clathrates is the formation of locally disordered frameworks where one crystallographic position is jointly occupied by different atoms, such as Ga/Ge or Zn/Sn. 16, 17 In turn, tetrel-free clathrates show full segregation of transition metal and phosphorus atoms over different framework positions, which result in the formation of either long-range ordered structures, as in the case of Ba 8 M 16 P 30 , BaM 2 P 4 , and Ba 8 Zn 11 Cu 13 P 28+d (M ¼ Cu, Au, Ni), or short-range ordering, as in the case of Ba 8 (Cu/ Zn) 16+y P 30Ày . 15, 18, [24] [25] [26] In this work, we report a new type-I clathrate, Ba 8 Cu 14 Ge 6 P 26 , which combines a transition metal, tetrel element, and pnicogen in its framework. This compound was synthesized and grown as a large crystal through the Bridgman technique. A uniform distribution of the constituent elements and the absence of short-or long-range ordering in the Ba 8 Cu 14 Ge 6 P 26 clathrate was conrmed by a combination of synchrotron powder X-ray diffraction, high-angle annular dark eld scanning transmission electron microscopy, and X-ray and neutron pair distribution function analyses. Thermoelectric measurements demonstrate that Ba 8 Cu 14 Ge 6 P 26 is a p-type semiconductor with a remarkable gure of merit. This newly discovered clathrate builds a bridge between the two clathrate families.
Experimental section

Synthesis
All preparation and handling of samples were performed in an argon-lled glovebox with the O 2 level below 1 ppm. All starting materials were commercial grade and were used as received: Ba chunks (Sigma-Aldrich, 99.9%), Cu powder (Sigma-Aldrich, 99.9%), Ge pieces (Alfa Aesar, 99.9999%) and red P powder (Alfa Aesar, 99%).
The polycrystalline sample of Ba 8 Cu 14 Ge 6 P 26 was obtained via the solid-state reaction of the elements. The elements with a stoichiometric Ba/Cu/Ge/P ratio of 8/14/6/26 were loaded into a carbonized silica ampoule, evacuated, and ame-sealed. The ampoule was rst heated from room temperature to 1123 K over 17 h, and then it was annealed at this temperature for 144 hours. Aer the furnace was turned off and cooled, the samples were ground and reloaded into a new carbonized silica ampoule in the glovebox, resealed, and reannealed using the same temperature prole as the rst annealing. The same procedure was repeated a third time. Aer three annealings, a uniform melted chunk was found as the nal product, and was characterized as single-phase by powder X-ray diffraction ( Fig. 1 and S1 †).
Differential scanning calorimetry
A Netzsch Differential Scanning Calorimeter (DSC) was used to characterize the thermal behavior of Ba 8 Cu 14 Ge 6 P 26 . A powder sample (mass: 35.3 mg) was sealed inside an evacuated silica ampoule, heated to 1273 K and cooled down to room temperature with the 10 K min À1 rate.
Bridgman growth
About 5 g of single-phase polycrystalline sample was ground into ne powder in a mortar and loaded into a carbonized silica ampoules with a sharp cone end. The ampoule was evacuated and ame-sealed. This ampoule was further sealed in another thick-walled silica ampoule, which was used to protect the growth tube. The silica ampoule was placed into a home-made two-zone vertical Bridgman furnace for crystal growth. An "oscillating" temperature prole was rst applied to melt the sample thoroughly. When the ampoule was placed in the hot zone, the temperature in the hot zone was set to 1208(5) K for 24 hours, then cooled down to 973(5) K for 12 hours and aerwards the temperature was increased to 1123(5) K for 120 hours. Aer the melt process, the ampoule was dropped at a rate of 2.3 mm h À1 from the hot zone to the cold zone, where the temperature in the hot zone was 1123(5) K, and the temperature of the cold zone was 973(5) K. The crystal growth was completed in ve days. Several crystals were grown to check for reproducibility. The Archimedean densities of the crystal slices vary in the range of 99.4-99.8% from theoretical X-ray density.
Elemental analysis
Elemental analysis of selected crystals was carried out on a Hitachi S4100T scanning electron microscope (SEM) with energy-dispersive X-ray (EDX) microanalysis (Oxford INCA Energy) to check for a consistent elemental ratio of the elements in the samples ( Fig. S3 and Table S3 †) .
Single-crystal X-ray diffraction
Single-crystal diffraction experiments were collected at 90 K using a Bruker AXS SMART diffractometer with an APEX-II CCD detector with Mo-K a radiation. The datasets were recorded as uscans with a 0.4 step width and integrated with the Bruker SAINT soware package. 27 Multi-scan absorption corrections were applied. 27 The solution and renement of the crystal structure were carried out using the SHELX-2014 suite of programs. 28 The nal renements were performed using anisotropic atomic displacement parameters for all atoms. A summary of pertinent information relating to unit cell parameters, data collection, and renements is provided in Table 1 and the atomic parameters and interatomic distances are provided in Tables S1 and S2 . † Further details of the crystal structure determination may be obtained from Fachinformationszentrum Karlsruhe, Germany, by quoting the depository number CSD-433052.
Transmission electron microscopy (TEM)
Samples for electron microscopy were ground under ethanol, and the resulting dispersion was transferred to a holey carbon lm xed on a 3 mm copper grid. Electron diffraction (ED) studies were performed using a Tecnai G2 30 UT (LaB 6 ) microscope operated at 300 kV with 0.17 nm point resolution.
High-angle annular dark eld (HAADF)-scanning TEM (STEM) studies and EDX elemental mapping were performed using a JEM ARM200F cold FEG double aberration corrected electron microscope operated at 200 kV and equipped with a large solidangle CENTURIO EDX detector and Quantum EELS spectrometer.
X-ray and neutron powder diffraction and PDF
All samples were characterized by X-ray powder diffraction (XRD) using a Rigaku Miniex 600 diffractometer employing Cu-K a radiation. High-resolution room temperature synchrotron powder XRD data were collected at beamline 11-BM (l ¼ 0.459266Å) at the Advanced Photon Source (APS) at Argonne National Laboratory (ANL) (Fig. 1) . The rened unit cell parameter of Ba 8 Cu 14 Ge 6 P 26 from synchrotron X-ray diffraction data at room temperature, a ¼ 10.09454(1)Å, agrees with the result obtained from single-crystal renement, a ¼ 10.0626(8)Å at 90 K. Neutron powder diffraction time-of-ight data for neutron pair distribution function (N-PDF) were collected at the NOMAD beamline at the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL). Additional high-energy total X-ray scattering (X-PDF) data (l ¼ 0.21Å) were collected at the PDF beamline 11-ID-B at APS ANL. Neutron and X-ray PDF data were analyzed using PDFGUI.
29,30
Transport properties Transport properties were studied on several slices of different Bridgman-grown crystals. Low-temperature transport properties in the temperature range of 2-400 K were studied using the commercial multipurpose Physical Properties Measurement System (PPMS, Quantum Design). The Seebeck thermopower and thermal conductivity were measured using the thermal transport option. The electrical resistivity was measured by a standard four-point alternating-current technique to exclude the resistance of the leads. High-temperature thermal conductivity was carried on a Netzsch LFA 457. The Seebeck coefficient and resistivity measurements were conducted simultaneously on a Linseis LSR-3/1100 instrument system under helium atmosphere. The high-temperature data were additionally veried at the Jet Propulsion Laboratory using both custom and commercial apparatus. The Seebeck coefficient was measured using the light-pipe method with tungsten-niobium thermocouples under high vacuum in a custom set-up. 31 Temperaturedependent resistivity was measured using a Van der Pauw 4-point method with tungsten pressure contact probes.
32 Thermal diffusivity was measured using a Netzsch LFA 404 system. The temperature was limited to 800 K to prevent sublimation of the samples during measurements. All transport measurements were taken during both heating and cooling (heating rate of 180 K h À1 ), and showed no hysteresis. The combined measurement uncertainty in the thermoelectric gure of merit is generally assumed to be $20%.
Results and discussion
Composition and crystal structure
Our motivation to search for new clathrates was to produce electron-balanced compounds with the semiconductor-like properties that are highly desirable for thermoelectric applications. The clathrate Ba 8 Cu 16 P 30 was reported to exhibit metallic properties due to an insufficient number of valence electrons to form four bonds per clathrate framework atom. 25, 33, 34 In this work we realized an electron-balanced compound by the replacement of some Cu (1 valence electron) and P (5 valence electrons) atoms with Ge (4 valence electrons) atoms. Several synthesized samples with different nominal Ba/Ge/Cu/P ratios contained the same phase with a similar composition as was evidenced by EDX and unit cell parameter determinations. The precise elemental ratio in the new clathrate was determined by a combination of three different methods. First, the renement of single-crystal X-ray diffraction data resulted in the chemical formula of Ba 8 M 20.1(2) P 25.9 (2) , where M indicates the merging of Cu and Ge elements due to their similar X-ray atomic scattering factors. Tests of different crystals selected from different batches all resulted in an identical composition within the standard deviations of the renements. Aerwards, the chemical composition of different crystals analyzed by EDX spectroscopy resulted in the formula Ba 8 Cu 14.4(2) Ge 5.5(1) P 22 (1) when normalized to 8 Ba atoms (Table S3 †). Note that light P atoms cannot be accurately determined by EDX, and some overlap of Cu and Ge lines hinder precise determination of the elemental atom, X, to achieve an electron balance by forming 4 covalent bonds in the framework. 17 Since there are 46 atoms in the framework, a total of 46 Â 4 ¼ 184 electrons are required. Besides the 16 electrons from Ba atoms, the framework atoms need additional 168 electrons coming from X elements. Assuming the total Cu + Ge content is equal to 20 and 26 P atoms in the framework, the only electron-balanced solution is 14 Cu atoms (14 Â
Ba 8 Cu 14 Ge 6 P 26 crystallizes in the clathrate-I structure type with the space group Pm 3n (no. 223). Clathrate-I is the most abundant structure type among inorganic clathrates. Its crystal structure can be described as composed of two types of polyhedra: pentagonal dodecahedra and tetrakaidecahedra. The Ba atoms are encapsulated inside both types of polyhedra. Tetrakaidecahedra share their hexagonal faces, forming columns running along all three main crystallographic directions and the residual space lled by dodecahedra (Fig. 1 inset) . There is no evidence for vacancies on the Ba sites. Three framework sites, 6c, 16i, and 24k are jointly occupied by Cu, Ge and P. Cu and Ge, atomic numbers 29 and 32, are difficult to distinguish by X-ray diffraction due to similar atomic scattering factors. During the renement, all framework sites were originally rened as jointly occupied by Cu and P under the constraints of equivalent atomic displacement parameters and the total occupancy of each site was xed to 100%. Similar renements with all framework positions set as Ge/P resulted in a slightly lower but similar M/P ratio. At the nal stages of the renement, each framework site was rened as jointly occupied by Cu + Ge + P. An additional compositional restraint was applied to x the total elemental content in the structure to 14Cu + 6Ge + 26P (Tables 1, S1 , and S2 †). Mixed occupancy of the framework positions by several different elements, including Cu/Ge mixing, is common for the tetrel clathrates, such as Ba 8 The vacancies in the framework or guest positions do not necessarily lead to the formation of a superstructure. 42, 43 Alternatively, the formation of short-range ordering without a long-range superstructure is possible, but is more difficult to detect with diffraction techniques and requires the application of local probes. For example, the recently reported type-I clathrate Ba 8 M 16+y P 30Ày (M ¼ Cu, Zn) exhibits partial superstructural ordering conrmed with ED, STEM, and PDF, and can also be detected due to presence of weak extra diffraction peaks in its synchrotron powder diffraction pattern. 25 No such extra peaks were detected in the diffraction pattern of Ba 8 Cu 14 Ge 6 P 26 sample (Fig. 1 inset) , which demonstrates the absence of long-range superstructural ordering in Ba 8 Cu 14 Ge 6 P 26 . To further investigate possible short-range ordering, we applied electron microscopy.
Elemental mapping shows uniform distributions of the Ba, Cu, Ge, and P elements over the entire studied crystals (Fig. 2b) . All observed diffraction spots in the ED patterns can be indexed in the cubic clathrate-I unit cell. No superstructural reections were found (Fig. 2a) . This is in a stark contrast to the Ba 8 M 16+y P 30Ày (M ¼ Cu, Zn) clathrate where preferential Cu-Zn bonding resulted in the formation of a trigonal superstructure, detectable by ED. 25 High-resolution HAADF-STEM investigations conrm the well-ordered cubic nature of the Ba 8 Cu 14 Ge 6 P 26 crystallites with good agreement to the overlayed structural models (Fig. 2c) . No structural defects, like antiphase boundaries or stacking faults, were observed in the studied Ba 8 Cu 14 Ge 6 P 26 crystallites.
Synchrotron X-ray and neutron PDF analyses also conrmed the absence of local ordering in Ba 8 Cu 14 Ge 6 P 26 (Fig. 3) . Independent ttings of the short-range (1.9Å # r # 9.9Å) and long range (9.9Å # r # 19.9Å) PDF regions were performed using the cubic Pm 3n model. Due to the similarity of the neutron scattering lengths for Cu (7.7 fm) and Ge (8.2 fm) the occupancies of the atomic positions in the framework were xed to the values obtained from the single crystal X-ray diffraction experiment and were not rened further. The structural model determined from the single crystal X-ray experiment describes the PDF patterns well, indicating the absence of any short-range ordering. The presence of local ordering in the clathrate framework results in signicant perturbations of the shortrange PDF data.
25
Based on TEM, synchrotron XRD, and PDF results, the crystal structure of Ba 8 Cu 14 Ge 6 P 26 is established to have primitive cubic Pm 3n symmetry with a uniform distribution of the framework elements and without local ordering, superstructure, or defects. The main difference between the Cu-Zn-P and Cu-Ge-P frameworks is the preference for Cu and Zn to form chemical bonds to each other. We have elegantly shown that an increase of the Zn content resulted in the formation of a clathrate where all metal atoms are joined in Cu-Zn dumbbells.
26
Apparently, such bonding preference is absent in the case of the Ba-Cu-Ge-P clathrate, which resulted in the formation of the cubic structure with a uniform distribution of Cu, Ge, and P over the clathrate framework sites.
Although clathrate-I is a well-known structure type, Ba 8 Cu 14 Ge 6 P 26 is the rst representative of inorganic clathrates with electropositive guest atoms where the framework is composed of a transition metal, tetrel element, and pnicogen. The tetrel-based clathrates are a prevailing group with over 100 compounds with diverse properties. 17 Until now, only a dozen tetrel-free clathrates have been reported, which include phosphides, Ba 8 Fig. 4 and S4. † Ba 8 Cu 14 Ge 6 P 26 melts congruently at 1108(3) K and recrystallizes at 1006(3) K. No decomposition or phase transition were detected upon melting and crystallization, which was veried by powder XRD (Fig. S2 †) . The thermal stability of Ba 8 Cu 14 Ge 6 P 26 was further conrmed by powder XRD of the phase aer annealing a single-phase sample in a sealed tube at 1223 K for 12 hours. The congruent melting of Ba 8 Cu 14 Ge 6 P 26 makes the single-crystal growth process feasible. We applied the vertical Bridgman method to grow large crystals of Ba 8 Cu 14 -Ge 6 P 26 (Fig. 4 bottom inset) . A slice of the grown crystal with a mirror-like surface is also shown in Fig. 4 top inset.
Thermoelectric properties
The presence of grain boundaries may mask the intrinsic properties of solids. In thermoelectric characterization of polycrystalline materials, the effect of grain boundaries is minimized by studying dense pellets. However, large crystals are more suitable for studying the intrinsic properties of compounds. For Ba 8 Cu 14 Ge 6 P 26 , characterization of slices from several crystals grown by the vertical Bridgman method were performed (Fig. 4 inset) . The data obtained at UC Davis were veried by measurements at JPL. Note that JPL measurements were run on a slice of a different crystal and using different equipment (Fig. S6 †) . Both the low-temperature and hightemperature thermoelectric properties show good agreement with each other with small discontinuities at 300-400 K due to the different methods and instruments used (Fig. 5) .
The thermopower for Ba 8 Cu 14 Ge 6 P 26 samples is positive in the whole studied temperature range (10-812 K) indicating that holes are the main charge carrier type. The Seebeck thermopower was measured several times during heating and cooling in the high-temperature range with good consistency. At room temperature, a promising value for thermopower, 102 mV K À1 , was achieved. At the maximum measured temperature, 812 K, the thermopower value increases up to 234 mV K À1 (Table 2 and 
electronic thermal conductivity; k L : lattice thermal conductivity; L: Lorenz number; r: electrical resistivity; T: absolute temperature), where the L can be estimated based on the Seebeck coefficient values. 57 The lattice and electronic contributions to total thermal conductivity for Ba 8 Cu 14 Ge 6 P 26 are shown in Fig. S5 . † The lattice thermal conductivity exhibits a similar trend to the total thermal conductivity and reaches 0. 58 
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Finally, due to a combination of the high thermopower, ultralow thermal conductivity, and intermediate electrical conductivity, the Bridgman growth sample of Ba 8 Cu 14 Ge 6 P 26 exhibits a promising thermoelectric gure of merit, ZT, of 0.63 at 812 K (Fig. 5, bottom right) . The average ZT for the 400-800 K range is 0.35. The maximum ZT of Ba 8 Cu 14 Ge 6 P 26 at 812 K is 9 times higher than the value for the ternary tetrel-free counterpart, Ba 8 
